Abstract: The Ru-catalysed C2ÀHa rylation of indoles and pyrroles by using boronic acids under oxidative conditions is reported. This reaction can be applied to tryptophan derivatives and tolerates aw ide range of functional groups on both coupling partners, including bromidesa nd iodides, which can be further derivatised selectively.N ew indolebased ruthenacyclic complexes are described and investigated as possible intermediates in the reaction. Mechanistic studies suggest the on-cycle intermediates do not possess a para-cymene ligand and that the on-cycle metalation occurs through an electrophilicattack by the Ru centre.
Introduction
Transition metal-catalysed CÀHa ctivation has received enormous attention in recent years as av iable synthetic strategy;i t offers previously impossible transformations, new selectivities and shortened routes in the preparation of organic molecules. [1, 2] The importance of indole and pyrrole units in bioactive molecules has fuelled continuede fforts to develop new approaches to their selective CÀHf unctionalisation.
[3] For instance,t he 2-arylindole unit appears in severaln atural products, [4] potential microtubulinp olymerisation inhibitors, and molecules of interest for their antifungal and antimicrobial properties. [5] To date, indole and pyrrole CÀHa rylation has been developedm ost extensively by using aryl halide [6] and hypervalent iodine [7] electrophiles. Meanwhile, the complementary methodi nw hich anionic coupling partners [8] and an external oxidanta re employed has received less attention.T he dehydrogenative coupling of two (hetero)areneC ÀHu nits [9] represents, in principle, the most atom economical and desirable of these approaches. However,a tp resent, the conjunction of two selective, compatible CÀHa ctivation processes often presents regioselectivity/scope limitations,t he need for al arge excesso fo ne coupling partner,h arsh conditions, and/ore xpensive additives. In this context,o rganoboronates [10] are an attractive alternative for oxidative direct arylation reactions, [11] [12] [13] [14] by offering low cost, diversity,and ease of activation, amongst other advantages.
In Ru-catalysed CÀHf unctionalisation reactions, which have attracted considerable recent interest (Figure 1 ), [15, 16] the use of boronates has remained rare. Ru 0 -catalysed CÀHa rylation reac- Figure 1 . Selected Ru-catalysedC ÀHt ransformations relating to this study. Pym = 2-pyrimidyl.
tions developed by the groups of Kakiuchi, [17] and later Sames [18] and Schnürch, [19] require protected boronates. Unprotected boronic acids have been used in Ru II -catalysed CÀHa rylation reactions with only ahandful of substrates [20] and virtually no accompanying mechanistic investigation, despite ar ecent surge in the development of various related oxidative transformations. [21] In addition, the use of aryl halides by Ackermann and Lygin [6r] under carboxylate-assistedc onditions [22] stands as the only example to date of Ru-catalysed indole or pyrrole CÀHa rylation. [23] Herein, we report the use of unprotected, diversely functionalised arylboronic acids in the Ru-catalysed C2ÀHa rylation of indoles and pyrroles.W ea lso describe the synthesis of new ruthenacyclic complexes and examinetheir role in the reaction, which is of direct relevance to commonly proposed mechanisms.
Results and Discussion

Reactiono ptimisation
We undertook our investigation with indole derivative 1a as the test-bed substrate. Sames and co-workers [18] and Ackermann and Lygin [6r,24] pioneered the use of pyrimidine as aversatile, removable directing group [25] forc atalytic CÀHf unctionalisation. An umber of groups have sinced escribed the use of this species in both the synthesis [24, 26] and derivatisationo fi ndoles andpyrroles by using various metals. [27] [28] [29] [30] [31] [32] In our initial experiments,w ei solated 2a in 37 %y ield from the coupling of 1a and4 -tolylboronic acid with 2. 6 ,a nd KPF 6 .T he addition of organic or inorganic bases, including carboxylates and carbonates (see Ta ble1,e ntry 5a nd Table S5 in the Supporting Information), [33] was detrimentalt ot he catalysis, whereas HOAc (up to 4equiv) had no effect on the yield. [34] Replacement of the catalystp recursor with [Ru(OAc) 2 (p-cymene)] (5 mol %) or the more expensive [{RhCp*Cl 2 } 2 ]( 2.5 mol %; Cp* = 1,2,3,4,5-pentamethylcyclopentadienyl) gave lower yields ( Table 1 , entries 9a nd 10, respectively). As solvent, iPrOH proveds lightly superior to the THF/H 2 Os ystem ( Table 1 , entries 7a nd 8), presumablyd ue to the formation of alkoxyboronates in situ, giving improved nucleophile solubility and slower protodeborylation. [10] Accordingly, iPrOH wass elected as the default solventf or the rest of our exploration of the reaction scope. All the arylation reactions occurred exclusively at C2. The desired reaction was not observedi ft he Ru catalyst, oxidant, or silver additivew ere excluded. Under the same conditions, arylation did not occur with indoles bearing oxygen-based directing groups, nor with av ariety of other substrates commonly used in Ru-catalysedC ÀHa rylation reactions (see the Supporting Information for furtherd etails). Thus, the pyrimidyl group seemed uniquelyp rivileged under the conditions we explored.
Substrate scope
The reaction showedh igh tolerance towards aw ide range of arylboronic acids, including those bearing nitro (2h), ketone (2i), alkenyl (2k), silyl (2l), sulfonyl (2m), ferrocenyl( 2w), and halogen groups (Scheme 1). To leranceo fa ryl iodides (2f)i sb oth rare and complementary to their frequent use as oxidants/electrophiles in CÀHa rylation reactions. To the best of our knowledge,t his CÀHa rylationo fi ndoles is the first in which the CÀIf unctionality is preserved. Reactions with 4-trifluoromethyl-and 4-acetylphenylboronic acids gave highery ields when iPrOH was replaced with the THF/H 2 Os olvent system.Protected boronic acids, [10, 35] such as their pinacol boronate (-Bpin), N-methyliminodiacetyl boryl (-Bmida), [36] or potassium trifluoroborate (-BF 3 K) [37] derivatives, weren ot effective under our conditions. This outcome is in line with the requirement for their prior hydrolysis and the rate acceleration observed under acidic conditions in related CÀHa rylation reactions. [34] Variously substituted indoles also selectively underwent the CÀHa rylation reaction (Scheme 2). Good yields were obtained with bromide and iodide groups on either or both coupling Solvent Yield [b] [%] THF 52
[a] 1a (0.15mmol), boronica cid (0.45 mmol), solvent (0.5 mL).
[ b] Yield was determined by 1 HNMR spectroscopic analysis with respectt o1 ,3,5-trimethoxybenzene (0.05 mmol), which was added after the end of the reaction.
[c]Yield of the isolated product. Chem. Eur.J.2015, 21,5 380 -5386 www.chemeurj.org partners( Scheme 2; 3e and 3i-k). The 3-methylindole derivative 3g was obtained in 75 %y ield, despitet he proximate steric bulk, whereas indoles with 6-methoxycarbonyl (3c), 5-nitro (3f) , and 3-cyano (3h)g roups gave worse performance, hintinga tt he importance of the nucleophilicity of the indole unit. The protocol could further be extended to the phthaloylprotected tryptophan derivative 1m [38] (Scheme 3). In addition to standard analysis by NMR spectroscopy and mass spectrometry,p roducts 2t, 3j,a nd 3m were characterised by X-ray crystallography studies.
Pyrroles also proveda menable to the arylationr eaction with variousb oronic acids (Scheme 4). Substrate 4a (R 1 = H) gave as eparable mixture of mono-( 5a)a nd diphenylated( 5a') products in ac ombined yield of 42 %. The 2-ethylpyrrole derivatives 4b-d afforded good-to-excellent yields, with arylation occurring exclusively at C2 for both electron-poor and electron-rich boronic acids to give products 5b-d.2 -Methoxycarbonyl-substituted pyrrole 5e was not formed, which is consistent with the nucleophilicity requirements of the indole substrates.
The iodide group of 3i underwent selectivea nd efficient Heck alkenylation,h ighlighting the potential for derivatisation [ e] The crystal structure ellipsoids are shown at 50 % probability.
Scheme2.Scope of the indoles andboronic acids (the yields given are for the isolated products). Conditionsa si nScheme 1, except for [a] t = 6h.
[b] The crystal structuree llipsoids are shown at 50 %probability. Chem.E ur.J. 2015, 21,5380 -5386 www.chemeurj.org of the newly installed aryl group whilst retaining an electrophilic coupling substrate on the indole (Scheme 5).
Mechanistic Considerations Investigation of putativeruthenacyclic intermediates
We prepared the previously unreportedc omplexes [7] Cl, [7] OAc, and [7-OH 2 ]SbF 6 (Scheme 6) [40] to probe the potential role of ruthenacyclic intermediates.
[15a, 22, 39] In addition to standard 1 Ha nd 13 CNMR spectroscopy and mass spectrometry, complex [ 7] Cl was characterised by meanso fX -Ray crystallography (see the Supporting Information forfurtherdetails).
Replacing Chem. Eur.J.2015, 21,5380-5386 www.chemeurj.org uncoordinated para-cymene was observed, but CÀH/D exchange increased only incrementally (Table3,e ntry 4). Finally, heatingt o1 20 8Cg ave no observable Ru-cymene complexes, with 1a showing6 0% C2ÀH/D exchange (Table 3, entry 5) . Thus, the greatest degree of reversible C2ÀHa ctivation occurred after complete loss of para-cymene from the Ru centre. When [{RuCl 2 (p-cymene)} 2 ]w as excluded from the reaction mixture,1 5% C2ÀH/D and 68 %C 3 ÀH/D exchange was observed at 120 8C. Kanai andc o-workers found that simple Lewis acids, such as Sc(OTf) 3 ,p romote similarl evels of C3-selective exchange for 1a,
[29f] which we attribute to the presence of Ag I ions in our reaction (Table 3 , entries 6a nd 7). Analogous experiments with N-acetylindole or 1-(pyrimidin-2-yl)benzimidazole did not give C2ÀH/D exchange, which is consistent with the requirement for nucleophilicity of the heteroarene and the inability of the acetyl group to effect C2 arylation under our catalytic conditions (see Figure S1 in the Supporting Information).
Importance of the para-cymene ligand
Cymene-ligated Ru complexes have frequently been invoked as catalytic intermediates in CÀHf unctionalisation reactions. For the phenylation of 1a under our conditions, complete loss of the cymene ligand from the Ru coordination sphere could be confirmed by 1 HNMR spectroscopica nalysis on cooling the reactionm ixture to room temperature after just 10 minutes (Scheme 7). Conversion into 2b was 50 %a tt his point. The reaction mixture was reheated to 120 8Cf or af urther7hours, after which the conversion into 2b increasedt o6 7%,w ith cymeneremaining uncoordinated.
Discussion of the mechanism
We suggest that although initial ruthenation of the indole-pyrimidine unit occurs easily under our conditions, [7-OH 2 ]SbF 6 acts as ap recursor rather than as at rue catalytic intermediate. The inferiorp erformance of several other transition-metal salts in our optimisation studies (see Ta ble S2 in the SupportingI nformation) mayi ndicate that the formation of such ruthenacycles at the beginning of the reaction-butp rior to the catalysis-is advantageous. Facile exchange of the para-cymene ligand in ruthenacycles in the presence of excess nitrogen donors is well documented. For example, Jutand and co-workers reported that complexes of the type [Ru{k 2 -C,N-(2-phenylpyridine)}(MeCN) 4 ]OPiv (OPiv = dimethylpropanoate) formed easily in the presence of excessM eCN, but were catalytically inactive in the arylation of phenylpyridines with aryl halides. [34] We propose that under our catalytic conditions the pyrimidine groups of substrates 1 or 4 displace the para-cymene ligand of cyclometalated species 7 and on-cyclei ntermediates may have more than one pyrimidyl heteroarene ligand in the ruthenium coordination sphere. Thus, 1 or 4 could act as spectatorl igands in the cycle prior to their own C2 ruthenation.T his outcome would be consistent with the poor performance of complexes [7] Cl, [7] OAc, and [7-OH 2 ]SbF 6 in attempts to induce transmetalation and reductivee limination in the absence of unmetalated substrates 1 (Table2). It is also in agreement with the need for as ufficiently strongly s-donating directing group, hence why oxygen-based directing groups [42] proved ineffective.
With respectt ot he on-cycle CÀHa ctivation, the following observations suggest electrophilic attack by the ruthenium centre on the heteroarene: 1) the significant increase in efficiency when silver additives are used, 2) higher yields with electron-rich substrates, 3) failure of 1-(pyrimidin-2-yl)benzimidazole to undergo CÀH/D exchange or C2 arylation,4 )that using Ag 2 Oa sa no xidantg ives 2a in am oderate yield (Table 1 , entry 1) in the absence of carboxylates, 5) that CÀH ruthenation of 1a occurred in the absence of carboxylates during H/D exchange experiments (Table 3) , suggesting the plausibility of an analogous on-cycle ruthenation reaction. In addition, KOAc had ad etrimental effect on the catalysis (Table 1 , entry 5) and no significant effect on the rate of C2ÀH/ De xchange, whereas Cu(OAc) 2 inhibited the rate of C2ÀH/D exchange (see Ta ble S7 in the Supporting Information).
Therefore, our proposed mechanism is complementary to the carboxylate-assistedR u-catalysed CÀHf unctionalisation reactions [22] studied in depth by the groups of Ackermann [43] and Dixneuf, [34] in which aryl halide coupling partners were used. This mechanism also agrees with recent mechanistic proposals for related reactions in whiche lectrophilic cationic Ru II intermediates have been suggested. [44] 
Conclusion
We have developeda no xidative, Ru-catalysed C2ÀHs elective arylation reactiono fi ndolesa nd pyrroles with boronic acids as the aryl source. The reactions hows high functional-group tolerancef or both coupling partners, including halides, thus preserving the scope of the reactionf or selective subsequentm anipulation of the products. para-Cymene-ligated ruthenacycles give, at best, poor yields in attempts at transmetalation, but lose the para-cymene ligand under our catalytic conditions; therefore, these complexes are unlikely on-cyclic intermediates. Efforts to broaden this methodology to other transformations and substrates are ongoing in our laboratory.
Experimental Section
Generala rylation procedure [{RuCl 2 (p-cymene)} 2 ]( 7.6 mg, 0.013 mmol, 2.5 mol %), substrate 1 or 4 (0.5 mmol), boronic acid (1.5 mmol), Cu(OAc) 2 ·H 2 O( 100 mg, 0.50 mmol), and AgSbF 6 (21 mg, 0.06 mmol, 12 mol %) were added Scheme7.The catalytic phenylation of 1a continued despite the loss of the para-cymene ligand from the Ru centre. Chem. Eur.J.2015, 21,5380 -5386 www.chemeurj.org to am icrowave vial (20 mL) equipped with am agnetic stirrer bar. The vial was evacuated and backfilled with argon. iPrOH (1.5 mL) was added by syringe, the vial sealed, and the mixture heated to 120 8Cf or 18 hw ith vigorous stirring. The reaction mixture was cooled to room temperature and loaded directly onto silica gel. The product was isolated by flash column chromatography (eluent = EtOAc/pentane).
